Myotonic dystrophy is caused by an expansion of a CTG triplet repeat sequence in the 3' noncoding region of a protein kinase gene, yet the mechanism by which the triplet repeat expansion causes disease remains unknown. This report demonstrates that a DNase I hypersensitive site is positioned 3' of the triplet repeat in the wild-type allele in both fibroblasts and skeletal muscle cells. In three unrelated individuals with myotonic dystrophy that have large expansions of the triplet repeat, the allele with the triplet repeat expansion exhibited both overall DNase I resistance and inaccessibility of nucleases to the adjacent hypersensitive site. These results indicate that the triplet repeat expansion alters the adjacent chromatin structure, establishing a region of condensed chromatin, and suggests a molecular mechanism for myotonic dystrophy.
The expansion of specific trinucleotide repeats has been associated with different human diseases (1) . In myotonic dystrophy the expansion of a CTG triplet repeat occurs in the 3' noncoding region of a protein kinase gene, referred to as the DMPK, or myotonin, gene (2) (3) (4) (5) (6) . The general population has <37 repeats, and affected individuals have between 50 and thousands of repeats, with phenotype being correlated with expansion size (2) (3) (4) (5) (6) . Lower levels of myotonin mRNA and protein have been demonstrated in patients with myotonic dystrophy (7) (8) (9) (10) ; however, another study described increased amounts of myotonin mRNA in tissues of an affected neonate (11) . A recent study (12) demonstrated that CTG repeats created strong nucleosome positioning signals when nucleosomes were reconstituted on DNA in vitro. In this study, we demonstrate that a large triplet repeat expansion creates a condensed chromatin structure in vivo that obscures an adjacent hypersensitive site. The altered chromatin structure induced by the expansion of the triplet repeat may affect transcription, possibly by precluding transcription factor interaction with DNA at adjacent regulatory regions or by impeding the procession of RNA polymerase.
EXPERIMENTAL PROCEDURES
Fibroblast Cultures. Primary fibroblast cultures established from skin biopsies from an unaffected or three unrelated adults affected with myotonic dystrophy were obtained from Tom Bird at the University of Washington, Seattle. Cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10-15% (vol/vol) fetal bovine serum (HyClone), penicillin, and streptomycin. Cells were harvested after 3-6 days at confluence by dissociation in 0.1% trypsin (GIBCO) and 2 mM EDTA.
DNase I. For DNase I sensitivity assays, the cells were washed in cold reticulocyte suspension buffer (RSB; 10 mM Tris, pH 7.4/10 mM NaCl/5 mM MgCl2), and 10-40 million
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. cells were resuspended in 50 ml of lysis buffer (RSB with 0.1% Nonidet P-40) on ice for 10 min. Nuclei were pelleted at 2000 rpm (913 x g) for 10 min and resuspended in cold lysis buffer at a final concentration of between 1 and 3 millions cells per ml. Cells were divided into equal volumes and placed in Eppendorf tubes, and a low-speed centrifugation (2000 x g) was used to pellet cells. The lysis buffer was removed and replaced with ice-cold RSB supplemented with various concentrations of RNase-free DNase I (GIBCO) followed by incubation at 37°C for 10 min. The DNase was inactivated by rapid addition of an equal volume of stop buffer (0.6 M NaCl/20 mM Tris base, pH 7.4/10 mM EDTA/1% SDS) with proteinase K at 2 mg/ml. Samples were digested overnight at 37°C, extracted with phenol/chloroform, and precipitated with ethanol. Each figure represents samples processed in parallel. For Southern gels, each lane contained DNA from 106 cells.
Restriction Endonucleases. Pvu II digestion of isolated nuclei was performed as described for DNase I digestion except the RSB and lysis buffer had a final concentration of 50 mM NaCl. The digestion buffer was 50 mM NaCl/10 mM Tris base, pH 7.9/10 mM MgCl2/1 mM dithiothreitol. Digestions were at 37°C for 25 min, and reactions were stopped as described for DNase I. Restriction endonuclease digestion of purified DNA was performed as described by the manufacturer. Each figure represents samples processed in parallel.
Southern and Northern Blots. RNA or DNA was separated by electrophoresis through agarose gels and transferred to Hybond-N membranes by capillary action. The membrane was exposed to UV light and hybridized to the probe at 65°C in 10% polyethylene glycol/7% SDS/1.5X SSC with salmon sperm DNA (100 ,ug/ml). Washes were done in O.1x SSC/ 0.1% SDS at 60°C.
Conversion of Fibroblasts to Skeletal Muscle. Logarithmicphase cultures of primary fibroblasts were exposed to the LMDSN retrovirus (13) . Cells were selected in G418 (GIBCO); at confluence, differentiation was induced by growth in DMEM supplemented with 1% horse serum, insulin (10 jig/ml), and bovine transferrin (10 jug/ml).
RESULTS
Primary fibroblasts from an unaffected individual were grown in tissue culture. Isolated nuclei were exposed to various concentrations of DNase I for a standard time, followed by DNA isolation and digestion with restriction enzymes for Southern analysis. Digestion with the Bgl I restriction endonuclease produced a 3.4-kb fragment containing the region of the triplet repeat and the putative poly(A) site of the myotonin gene (shown schematically in Fig. 1 ). Southern blots of the Bgl I-digested DNA hybridized to the M1OM-6 probe (2) demonstrated that the 3.4-kb fragment contained a site that was hypersensitive to DNase digestion, producing a 2.8-kb fragment at low concentrations of DNase (Fig. 2A) restricted with a combination of Bgl I and other endonucleases mapped the hypersensitive site to a region -0.6 kb from the 3' end (centromeric end) of the Bgl I fragment (data not shown and Fig. 1) .
Similar experiments were performed with fibroblasts derived from three unrelated individuals with myotonic dystrophy (DM fibroblasts). Since they are heterozygous for the triplet repeat expansion, Southern analysis using the M1OM-6 probe demonstrated both the wild-type allele and a more slowly migrating allele containing the triplet repeat expansion (Fig. 2B) . In all three individuals, the expansion was -6 kb, and Demonstration of a hypersensitive site 3' of the myotonin gene and relative DNase insensitivity of the allele with a triplet expansion. Nuclei isolated from normal (A) or myotonic dystrophyaffected (B) individuals were exposed for 10 min to the units of DNase I indicated at the top of the figure. After rapidly inactivating the DNase I, DNA was isolated, digested with the Bgl I restriction endonuclease, Southern blotted, and probed with the M1OM-6 fragment, producing a 3.4-kb fragment, representing the wild-type allele (closed arrowhead), and an additional 9.4-kb fragment, representing the expanded allele (open arrowhead). With increasing DNase I concentrations, the wild-type allele rapidly disappears, and the generation of a new fragment at -2.8 kb indicates the presence of a hypersensitive region. The less rapid decrease in insensitivity of the 2.8-kb band relative to the 3.4-kb band most probably represents the combination of an increasing signal due to the cleavage of the 3.4-kb band and a decreasing signal due to DNase digestion of the 2.8-kb fragment. The expanded allele is relatively DNase I resistant, and no additional band is generated by DNase I digestion. All samples were incubated in digestion buffer at 37°C for 10 min, and the generation of the 2.8-kb band in the samples with 0 unit of DNase I is probably attributable to endogenous nucleases (compare the first two lanes in Fig. 4A and C).
the results reported were identical in all three; therefore, data from only one individual is shown. As expected, the wild-type allele showed a pattern of DNase sensitivity similar to alleles from the unaffected individual (Fig. 2B , solid arrowhead). In contrast, the expanded allele remained relatively resistant to DNase digestion (Fig. 2B , open arrowhead). Reprobing these blots with probes for an active gene, c-myc, and an inactive gene, MyoD, demonstrated that the wild-type allele had DNase sensitivity similar to the myc gene and that the expanded allele had a sensitivity similar to the inactive MyoD gene (data not shown). These results indicate that the expanded allele is in a chromatin state that is less accessible to DNase I, compared to the wild-type allele. Since DNase I cleaves at pyrimidine residues without sequence specificity, a larger fragment represents a larger target and should be cleaved more frequently, further supporting the conclusion that the expanded allele is relatively protected.
Transcripts of the myotonin gene have been detected in fibroblasts using reverse transcription-PCR (7); however, Northern analysis on tissue samples demonstrated a higher abundance of transcripts in skeletal, cardiac, or smooth muscle containing tissues (14) . Therefore, to analyze the chromatin structure in the region of the hypersensitive site in skeletal muscle cells, DM fibroblasts were infected with a retrovirus expressing the myogenic determination gene MyoD and the selectable marker neomycin phosphotransferase. Previous work has shown that the expression of MyoD can convert fibroblasts to skeletal muscle cells (13, 15) , and this approach was used because primary muscle cultures from affected individuals were not available. After selection in G418 the MyoD-expressing cells demonstrated conversion to a skeletal muscle phenotype (data not shown). Northern blot analysis demonstrated that a transcript corresponding to the wild-type myotonin allele could be detected in both wild-type and DM fibroblasts, and conversion to skeletal muscle by MyoD expression increased the steady-state level of this transcript (Fig.  3) . After conversion to skeletal muscle by MyoD, a faint, low-mobility band is present that likely represents a transcript from the expanded allele. Quantitative comparison of transcript abundance from the wild-type and expanded allele is not reliable because of the size differences in the transcripts; however, the appearance of the larger RNA that the conversion to skeletal muscle mediated by the expression of MyoD can at least partially activate the expanded allele.
Similar to prior results, uninfected DM fibroblasts demonstrated a DNase-sensitive Bgl I fragment from the wild-type allele (Fig. 4A) , whereas the expanded allele was relatively DNase resistant. A large portion of the degradation of the wild-type allele could be attributed to the DNase activity in the hypersensitive region, since restriction digestion of the same DNase-treated DNA sample with a combination of Bgl I and HindIII endonucleases revealed a fragment that was more resistant to DNase (Fig. 4B) . In contrast, in the DM fibroblasts converted to skeletal muscle by the forced expression of MyoD, the wild-type allele demonstrated nearly complete DNase digestion of both Bgl I and combined Bgl I and HindIII restriction fragments (Fig. 4 C and D) . (Fig. 1) . The DNase I-treated DNA samples from the experiment shown in Fig. 4 (Fig. 5A, lane N) . In contrast to the wild-type allele, the expanded allele was resistant to Pvu II cleavage, indicating that the chromatin structure did not permit access of the enzyme to the DNA.
Similar results were obtained in nuclei from MyoDconverted DM fibroblasts (Fig. SB) (5, 6, (16) (17) (18) (Fig. 1) . The allele with the insert appears to be preferentially subject to expansion of the triplet repeats. Therefore, the absence of the hypersensitive site in the expanded allele could either reflect loss of a hypersensitive site secondary to expansion or represent an allelic difference. Digestion of DNA from the unaffected individual demonstrated the presence of one allele with the insertion and one without, whereas in two of the affected individuals both alleles contained the insertion (data not shown). Since these affected individuals also demonstrated the hypersensitive site in their wild-type allele, the hypersensitive site is present in the allele that is preferentially subject to expansion and is presumptively lost as a result of expansion. The Pvu II sites of the wild-type allele are accessible to restriction endonuclease, whereas chromatin structure precludes access in the expanded allele in both fibroblasts (A) and fibroblasts converted to skeletal muscle (B). Isolated nuclei from DM fibroblasts were exposed to the indicated units of Pvu II enzyme (indicated at the top of the figure) and incubated at 37°C for 25 min. After enzyme inactivation, genomic DNA was isolated and digested to completion with Rsa I. The probe used for this Southern blot was the Rsa I-BamHI fragment of M1OM-6. 0* indicates that the sample was maintained at 0°C; N indicates naked genomic DNA digested to completion with both Pvu II and Rsa I. The filled arrowheads indicate positions of fragments from the wild-type allele: a, the 2.5-kb Rsa I fragment; b, the 1.4-kb fragment generated by cutting the Rsa I fragment at the Pvu II site in the hypersensitive region; c, the 1.2-kb fragment generated by cutting at both Pvu II sites in the Rsa I fragment. The open arrowheads indicate positions of fragments from the expanded allele: a, the 8.5-kb Rsa I fragment; b, the 7.3-kb fragment generated by cutting at both Pvu II sites in the Rsa I fragment. Arrow a indicates a band that appeared with passage of these cells and could potentially represent repeat instability that either reduced the size of the expanded allele or increased the size of the wild-type allele in a clone of cells. While it may be significant that digestion with Pvu II generates a smaller fragment (arrow b), consistent with cutting at the site in the hypersensitive region, the indeterminate origin of this band makes interpretation problematic, and the formal possibility remains that it could be generated by partial Rsa (19) . The loss of this hypersensitive site in the allele with the triplet repeat expansion indicates that the chromatin structure has changed in this region, resulting in less access of nuclear proteins to the DNA.
It is unlikely that the absence of the hypersensitive region represents an allelic variation that is independent of the triplet repeat expansion because (i) the allele in the population frequently subject to expansion is characterized by a 1-kb insertion 5' of the triplet repeat region and that allele contains the hypersensitive site when no expansion is present, and (ii) three unrelated affected individuals demonstrate the absence of the hypersensitive site in the expanded allele. Therefore, the most likely conclusion is that the expansion of the triplet repeat alters the chromatin structure in the region around the repeat. Prior studies have not demonstrated changes in methylation as a consequence of repeat expansion in myotonic dystrophy (20) , and it is therefore likely that the heterochromatin formation is independent of methylation status, although that needs to be directly determined. All three affected individuals in this study had large expansions of the triplet repeat sequence, as determined by the size of the restriction fragment, and it will be important to study the effect of smaller expansions.
Analysis of muscle biopsies from people affected with myotonic dystrophy has shown decreased levels of both myotonin protein and mRNA (8) (9) (10) . By using microcell hybrids to isolate human chromosome 19 in a rodent cell background, Carango et at (7) used reverse transcription-PCR to demonstrate that the expansion of the triplet repeat was associated with a decreased level of mRNA from the expanded allele. These studies suggest that the triplet repeat expansion results in decreased steady-state levels of myotonin mRNA from the expanded allele; however, they do not distinguish between RNA stability and gene transcription. In contrast, at least one report (11) demonstrates increased abundance of myotonin mRNA in skeletal muscle from an affected individual, and the effect of the trinucleotide repeat expansion on steady-state mRNA levels remains controversial.
The demonstration that the triplet repeat expansion results in a more compact chromatin structure with the loss of a 3' hypersensitive site would suggest that the expansion results in decreased gene transcription and would be most consistent with studies showing a decline in mRNA levels. The expanded trinucleotide repeat could result in decreased gene transcription through a mechanism secondary to the altered chromatin structure, because of either enhancer occlusion or impeded polymerase procession and premature termination. Alternatively, the expansion could decrease gene transcription by an unknown mechanism, and the change in chromatin structure may then be a secondary event. The demonstration that the expanded allele is transcribed in MyoD-converted DM fibroblasts without complete reconstitution of the hypersensitive site would be inconsistent with the second model; however, more quantitative studies will be necessary to determine the relative levels of allele transcription.
There are other possible mechanisms by which altered chromatin structure could lead to abnormal gene expression. First, regions of heterochromatin can modulate transcription over a large region, and it is possible that altered expression of genes near the myotonin gene could contribute to the myotonic dystrophy phenotype (21) . Second, some genes are preferentially transcribed in regions of heterochromatin, and the loss of the hypersensitive site could theoretically upregulate the transcription of the myotonin gene or an adjacent gene. Third, in special cases a gene inactivated by heterochromatin can alter the activity of a second allele (22, 23) , possibly through a process involving gene pairing. This latter mechanism could explain the decreased amounts of mRNA from the wild-type allele in a fetus with myotonic dystrophy (10) .
It is possible that a normal function of triplet repeats is to position nucleosomes to maintain an open chromatin structure at a neighboring site, perhaps to permit access of regulatory factors. This has been demonstrated for dinucleotide repeats in the promoter region of the Drosophila hsp26 gene (24, 25 
